Abstract. The time of rest completion of 'Apache', 'Arapaho', 'Chickasaw', 'Darrow', 'Kiowa', 'Navaho', and 'Shawnee' blackberry (Rubus subgenus Rubus Watson) buds was compared and various models for estimating chilling were evaluated. 'Kiowa' and 'Arapaho' buds had the shortest rest periods, while those for 'Shawnee', 'Navaho', and 'Chickasaw' buds were intermediate. 'Apache' and 'Darrow' buds had the longest rest periods. The model that accounted for the variation in percent budbreak among cultivars and temperatures during two dormant periods had the following two components: 1) a chilling inception temperature of -2.2 °C and 2) weighted chilling hours that accumulated after the chilling inception temperature. The chilling hours in this model were weighted as follows: 0 to 9.1 °C = 1; 9.2 to12.4 °C = 0.5; 12.5 to 15.9 °C = 0; 16 to 18 °C = -0.5; >18 °C = -1. This study also elucidated that a blackberry model with a chilling inception temperature of -2.2 °C estimated chilling more accurately than one with chilling inception just after the maximum negative accumulation of chill units as used in the Utah chilling model. Also, temperatures between 0 and 2.4 °C must be weighted more heavily in a blackberry model than in the Utah peach model to accurately estimate chilling and rest completion.
Many temperate zone fruit plants require a period of low temperatures during dormancy to grow vegetatively and produce fl owers in the spring. The number of hours necessary to fulfi ll the chilling requirement varies among fruit crops (Westwood, 1993) and cultivars (Dale et al., 2003) . Several models have been used to estimate the chilling requirements and to predict the time of rest completion. In 1932, Hutchins proposed a model for peach that accumulated chilling hours at temperatures ≤7 °C (Weinberger, 1950) . Chandler et al. (1937) studied chilling of deciduous fruit trees, small fruit crops, and ornamentals, and Lamb (1948) examined effective chilling temperatures in 'Latham' raspberry. Both studies indicated that temperatures from 0 to 7 °C were most effective in satisfying the cold requirement. For peach, temperatures as low as 1.5 °C have been used to accumulate units in the Utah chilling model (Richardson et al., 1974) , and temperatures as warm as 13 °C have been used to accumulate units in chilling models in Israel (Erez et al., 1990) . As temperatures increase to 10 °C, about twice as many hours are required for rest completion of peach than at 6 o C (Erez and Lavee, 1971; Erez et al., 1979) . Above a specifi c temperature, chilling is nullifi ed. Thus, weighted values were assigned to temperature ranges (Erez and Lavee, 1971; Richardson et al., 1974) . A chilling model developed for 'Starkrimson Delicious' apple trees in North Carolina accumulated units between 1.6 and 13 °C (Shalout and Unrath, 1983) . For highbush blueberry, a model developed in Arkansas accumulated chilling units at temperatures <12.5 °C (Norvell and Moore, 1982) . Recently, Dale et al. (2003) published a raspberry chilling model in which temperatures below 5.6 °C = 1 chill unit and those above 13 °C = -1 chill unit.
Like other plants described above, blackberries require a number of hours within a range of temperatures during the dormant period to achieve uniform budbreak and growth of shoots and fl owers in spring (Fear and Meyer, 1993) . The chilling requirement of blackberries has been listed as 200 to 400 h (Childers et al., 1995) or 200 to 600 h at temperatures <7.2 °C (Westwood, 1993) . More recently, Drake and Clark (2000) reported that 'Navaho' blackberry may have a chilling requirement between 800 and 900 h when exposed to 3 °C. Although these chilling requirements have been reported, little is known about the time of chilling inception or the effective range of temperatures for which chilling hours are accumulated in blackberry.
Therefore, the objectives of this study were 1) to compare the time of rest completion for seven blackberry cultivars, 2) to determine the time of chilling inception, and 3) to evaluate various chilling models for estimating rest completion in erect blackberries.
Materials and Methods
Rest completion. Blackberry tissue samples of 'Apache', 'Arapaho', 'Chickasaw', 'Kiowa', 'Navaho', 'Shawnee', and 'Darrow' were obtained from a 4-year-old blackberry planting located at the Horticulture and Agroforestry Research Center, New Franklin, Mo., on 3 Dec. 2001 and 9 Jan., 5 Feb., and 7 Mar. 2002. The following season, samples were collected on 4 Dec. 2002 and 8 Jan., 5 Feb., and 4 Mar. 2003 . At each sampling date, 10 eight-node sections of wood from each cultivar were removed from the middle portion of lateral canes located 60 cm from the soil surface. Ten single-cane replications of each cultivar were then placed in a randomized complete block design in oasis wedges (Smithers Oasis Company, Kent, Ohio) in a perlite bed in a greenhouse maintained at 21 °C. Bottom heat (25 °C) was supplied in the perlite bed and cuttings were misted intermittently with water (10 s every 10 min) from dawn until dusk for 30 d. Budbreak was recorded daily for a period of 30 d for each date of collection to determine dates of rest completion.
Chilling models. Hourly temperature data at the blackberry planting were recorded by a MetData1 weather station (Campbell Scientifi c, Inc., Logan, Utah). Chilling hours or units were calculated using models that varied in the time when chilling hours began accumulating (chilling inception) and in the range of temperatures that induced chilling. Because previous blackberry researchers (Drake and Clark, 2000; Yazetti and Clark, 2001 ) considered inception of chilling after the fi rst killing frost (-2.2 °C), this method of determining chilling accumulation was included in the study for comparative purposes. The Utah chilling model (Richardson et al., 1974; Seeley, 1996) was also tested with the Julian date 240 used as the starting point to calculate the maximum negative chill units (Fig. 1) . The maximum negative accumulation of chill units (i.e., temperatures >16 °C) is used to determine the inception of chilling in the Utah model (Seeley, 1996) . Models evaluated in this study are presented in Table 1 . Statistical analysis. An arcsin square root transformation of the proportion of buds per cane that broke was performed and data were subjected to an analysis of variance (ANOVA) using the GLM procedure of SAS (Version 8.2; SAS Institute, 1999, Cary, N.C.) . Data for the number of days to budbreak at each date of collection were also subjected to ANOVA and means were separated by Fisher's protected LSD test, P ≤ 0.05.
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Results and Discussion
Rest completion. Field temperatures at New Franklin varied between the two dormant seasons (Fig. 2) . Thus, blackberry cultivars exhibited relative differences in the percent budbreak and the number of days required to break bud after exposure to warm temperatures, indicating differences in their chilling requirement. When samples were collected on 3 Dec. 2001 and placed in the greenhouse, 6% of 'Kiowa' buds grew, while none of the other cultivars exhibited growth (Table 2) . Fifty-fi ve percent of the 'Kiowa' buds and 9% of the 'Arapaho' buds broke when collected on 4 Dec. 2002. By January sampling dates in 2002 and 2003, all cultivars except 'Darrow' had some buds that grew after warm temperature exposure in the greenhouse. All cultivars except 'Kiowa' had <30% budbreak in Jan. 2002. In contrast, 'Apache' and 'Darrow' had fewer buds that grew than 'Kiowa', 'Arapaho', and 'Chickasaw' in Jan. 2003. By February sampling dates, 'Darrow' was the only cultivar that had ≤42% budbreak. Nearly 50% more 'Navaho' and 'Kiowa' buds had satisfi ed rest than 'Chickasaw' and 'Darrow' when sampled on 5 Feb. 2003. By March collection dates, >80% of the buds of all cultivars exhibited growth after exposure to warm temperatures in the greenhouse.
'Kiowa' averaged 27 d to budbreak when collected 3 Dec. 2001 (Table 3) Other researchers have estimated the chilling requirements for some of the Arkansas blackberry cultivars using a killing frost (-2.2 °C; John Clark, personal communication) as the time of chilling inception. In an experiment using whole plants placed in cold chambers at 3 °C, Drake and Clark (2000) reported that 'Arapaho' had a chilling requirement of 400 to 500 h, while 'Navaho' plants required 800 to 900 h. In a study using stem cuttings collected from the fi eld, Yazzetti and Clark (2001) reported that 'Kiowa' completed rest after 200 h of chilling and 'Shawnee' required 400 to 500 h with chilling hours accumulated below 7 °C. They were unable to determine conclusively the chilling requirement for 'Chickasaw', 'Apache', and 'Choctaw'. In our study, results from the December 2002 collection date showed that 'Arapaho' has a lower chilling requirement than 'Shawnee' (Table 2) . Although statistical differences were not always apparent, our results indicate the following ranking of cultivars from the lowest chilling requirement to the highest: 'Kiowa'< 'Arapaho' < 'Shawnee', 'Navaho'< 'Chickasaw' < 'Apache' < 'Darrow'. 'Kiowa' broke bud before 'Arapaho' in Dec. 2001. The following December, 'Kiowa' and 'Arapaho' broke bud before other cultivars. 'Chickasaw' tended to have a lower percent budbreak than 'Shawnee' and 'Navaho' when collected in February, and generally required more days to budbreak than 'Shawnee'. A difference between 'Shawnee' and 'Navaho' in the length of the chilling requirement could not be elucidated based on the results of this study. Except for 'Darrow' (which did not break bud by January 2002 or 2003), 'Apache' required the most days to budbreak in January and February 2002. Thus, 'Apache' generally had a shorter chilling requirement than 'Darrow'. These results confi rm those of an earlier report in which 'Apache' buds were slower to grow than 'Shawnee', 'Kiowa', and 'Arapaho' when sampled in early February (Warmund and Byers, 2002) .
Chilling models. Differences between the two dormant seasons in fi eld temperatures provided a means to compare and evaluate various chilling models. In late September and early October 2002, temperatures >16 ° C resulted in a greater accumulation of negative chill units than in the same period in 2001 (Fig. 1,  2) . From mid-October 2002 through February 2003, fi eld temperatures were generally cooler than those during the same period in 2001-02 (Fig. 2) . Thus, three of fi ve models evaluated in this study accumulated a greater number of chilling units during the 2002-03 season than in the 2001-02 season (Table 4) .
Model 1, which accumulated chilling hours below 0 °C, resulted in the greatest number of chilling hours in 2001-02, while model 5 (modifi ed Utah chilling model, with 0 to 9.1 °C = 1 chill unit and chilling inception at Table 1 . Components of chilling models tested on blackberry cultivars grown at New Franklin, Mo.
Model no. Time of chilling inception
Chill unit accumulation per hour at various temperatures (°C) 1 z First incidence of -2.2 °C Temperatures <7 °C = 1 chill unit 2 First incidence of -2.2 °C Temperatures between 0 and 7 °C = 1 unit 3 y The day in the fall after the maximum negative number Weighted temperatures (<1.4 °C = 0 unit; 1.5 to 2.4 °C = 0.5; 2.5 to 9.1 °C =1; of chill units (above 15.9 °C) was accumulated 9.2 to12.4 °C = 0.5; 12.5 to 15.9 °C = 0; 16 to 18 °C = -0.5; >18 °C = -1) 4
x The day in the fall when the maximum negative number Weighted temperatures (0 to 9.1 °C =1; 9.2 to12.4 °C = 0.5; 12.5 to 15.9 °C = 0; of chill units above (15.9 °C) was accumulated 16 to 18 °C = -0.5; >18 °C = -1) 5 Methods used to determine the inception of chilling for various crops include the fi rst killing frost (Yazzetti and Clark, 2001 ), natural defoliation (Walser et al., 1981) , vegetative maturity (Fuchigami et al., 1982) , or the maximum negative accumulation of chilling units (Seeley, 1996) . However, each of these methods was problematic when used to calculate chilling in blackberry. The temperature at which a killing frost occurs depends on the how well tissues are acclimated at the time of the cold event. A killing frost in some crops may not occur until temperatures drop to -4.4 °C (Decker, 1955) . In our study, inception temperatures of -3.3 °C or -4.4 °C did not occur until 9 Nov. or 9 Dec. 2001, respectively, resulting in an inaccurate accumulation of chill units (data not shown). For example, with an inception temperature of -4.4 °C, zero chilling hours or units had been accumulated by 3 Dec. 2001 but some 'Kiowa' buds grew after warm temperature exposure in the greenhouse.
Because blackberries can continue to grow into late fall (Takeda et al., 2002) and natural defoliation may not occur by late winter (Fumiomi Takeda, personal communication), defoliation is not a reliable indicator of chilling inception. Similarly, vegetative maturity, defi ned as the absence of regrowth after defoliation or decapitation, is problematic in determining the inception of chilling because of the lack of defoliation in some years. Moreover, regrowth can be affected by bud position on a lateral cane and by location of the lateral on the primocane in blackberry (Warmund, unpublished data) , which presents sampling difficulties when determining vegetative maturity. The maximum negative number of chilling units that accumulate at temperatures above 15.9 °C is easily determined. In the present study, maximum negative accumulation occurred on 4 Oct. 2001 and 2002 (Fig.  1) . As described above, the Utah model was problematic because too many chill units were calculated without budbreak in 'Shawnee', 'Chickasaw', and 'Apache' when sampled on 4 Dec. 2002.
Just as the time of chilling inception is important, the range and effectiveness of temperatures that promote chilling are also important components of a model (Erez and Lavee, 1971; Richardson et al., 1974) . For rest completion, temperatures must be low enough to promote chilling, yet warm enough to promote budbreak (Naor et al., 2003) . In our study, when temperatures below 0 °C were counted as one chilling hour (Table 4 , model 1), the total number of hours accumulated by the end of dormancy was large. At the December 2002 and January, February, and March 2003 sampling dates, the number of hours accumulated below 0 °C was 142, 486, 931, and 1,317, respectively (data not shown). Thus, the hours below 0 °C accounted for 57% of the hours accumulated by 4 Mar. 2003 in model 1 and temperatures as low as -20 °C were assigned one chilling hour. Previous work has shown that temperatures as low as -20 °C occurring before mid-January resulted in fl oral bud mortality of cultivars such as 'Navaho' and 'Shawnee' (Warmund and George, 1990) . Recently developed models for peach do not accumulate units below 0 °C, since it was reported that temperatures below -2 °C had no effect on breaking rest (Erez and Lavee, 1971; Erez et al., 1988 Erez et al., , 1990 
